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Abstract
Endophytes are microbes that live within plants without causing detectable illness. These
microorganisms can emit volatile organic compounds (VOCs), airborne signaling molecules that
can significantly affect plant growth. Despite the prevalence of endophytes and their VOCs, little
is known about these factors important to plant health. With this in mind I isolated fungal
endophytes from leaves of Populus trichocarpa and Populus fremontii, tree species with
economic and environmental uses, to determine if endophyte communities are reserved between
the closely related tree species and over seasons. Surface sterilized leaf fragments were plated
onto malt extract agar and the resulting fungi were DNA sequenced and vouchered once
significant biomass grew. I sequenced the ITS region of rDNA to determine fungal and tree
species. Ultimately, I found that the host species had a slight effect of endophyte community
composition during the summer. I also found that there was no significant seasonal difference in
foliar endophyte communities of P. fremontii during the summer and fall. Taxa of interest
included Penicillium, Mycosphaerella, Cladosporium, and Marssonina. Following endophyte
isolation, I assayed the VOC profiles of the aforementioned taxa. The microbial VOC profiles
were assessed using solid phase microextraction (SPME) and GCMS techniques. SPME fibers
were inserted airtight tubes containing malt extract agar and two weeks of fungal growth for an
hour. Fibers were then subjected to a GCMS run where absorbed VOCs were desorbed into the
GCMS to be identified via the NIST molecular library. Penicillium and Cladosporium released
styrene, a compound known for its antimicrobial effects. Marssonina and Mycosphaerella
emitted phenylethyl alcohol, a compound with multiple industrial uses. Marssonina also released
aristolochene and valencene, known precursors to mycotoxins. Through this work, I have shown
that poplar foliar microbiomes are influenced by hosts and that foliar microbes can produce
volatile compounds with economic and botanical significance.
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Thesis Summary
Symbiotic interactions are maintained by multifarious lifeforms worldwide. While these
relationships are more apparent between multicellular organisms, multitudes more interspecific
relations exist as endosymbiotic associations. In plants, fungi express genes and emit metabolites
that can influence host phenotype. As research surrounding endosymbiotic relationships
progresses, it is increasingly apparent that internally residing microorganisms affect host health
and survival. Through this thesis project, I examined and compared the foliar endophyte
community composition of two closely related poplar species, Populus trichocarpa and
Populus fremontii. I also surveyed the volatile organic profiles of poplar endophyte isolates.

The first chapter of this thesis details the foliar fungal microbiome of surface sterilized
poplar leaves. Out of 22 trees, seven autumn foliar microbiomes and 20 summer foliar
microbiomes were sampled for foliar community analysis. Tree and fungal species were
identified by sequencing the internal transcribed spacer (ITS) region of ribosomal DNA.
Through the use of genetic analysis software and bioinformatic pipelines, I determined that while
there was no significant difference in P. fremontii foliar endophyte communities between the
summer and fall, there was a slight difference in community composition between P. trichocarpa
and P. fremontii during the summer.

The second chapter of this work examines the volatile organic compound profile of fungi
isolated from the first chapter. Penicillium, Mycosphaerella, Cladosporium, and Marssonina
strains isolated from surface sterilized leaves were subjected to solid phase microextraction to
isolate VOCs that were then analyzed on a GCMS system. Produced volatiles included styrene,
phenylethyl alcohol, aristolochene and valencene; all compounds with documented uses in the
economic sector.

During this project I found that while endophytes are unseen, they are diverse, chemically
productive and widely dispersed according to a myriad of unknown factors. I hope that this work
can inspire others to pursue studies involving microbial ecology, VOC production, and growth
paradigms surrounding these enigmatic but important microorganisms.
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Thesis Introduction
Symbiosis (from the Greek words σύν "together" and βίωσις "living") is crucial for the survival
of countless species across all domains of life 1. This term, defined as the close and sustained
“living together of differently [classified] organisms”, was coined by Heinrich Anton de Bary in
1879 to describe the parasitic (harmful), commensal (benign), or mutualistic (beneficial)
interaction types maintained between dissimilar organisms 2. One form of symbiosis, known as
endosymbiosis, includes the “full spectrum of interaction types… [that apply] to organisms
living anywhere within the host body” 3. Generally, endosymbionts include microorganisms
(fungi, bacteria or viruses) that can greatly influence the overall health and wellbeing of
respective host organisms. While some inlying microbes like Clostridium difficile can induce
fatal colon inflammation in humans, other species such as Lactobacillus rhamnosus can mitigate
or even alleviate symptoms of C. difficile infections 4, 5. As a result of the potentially significant
effect of endosymbionts on host species, researchers strive to comprehend the complexities of
endosymbiotic interactions across the planet. Through deciphering relationships between
symbionts and their hosts, researchers can manipulate microorganisms for human benefit. With
this paradigm in mind, I undertook this thesis project to characterize fungal
endosymbionts within the leaves of two tree species with social utility, P. trichocarpa and P.
fremontii. I also quantified and analyzed the volatile organic compounds emitted from the
isolated endosymbiotic fungi. In order to influence endosymbiotic interactions for the greater
good, one must first understand the micro-organic participants of endosymbiotic relationships,
and their importance outside of these relationships.

Microbes are ubiquitous in the environment and constitute the majority of the biomass on the
planet 6. They can be unicellular or multicellular and exist in all three major domains of life:
Archaea, Bacteria and Eukarya, where they feed as autotrophs, heterotrophs, or saprotrophs. The
vast diversity of microbial life is estimated to be many times larger than that found for
macroorganisms, and this variety of microbes has allowed these organisms produce a variety of
metabolites and to inhabit mesophillic or extreme environments across the planet 7, 8, 9.
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Despite the abundance and diversity of environmental microbes, early microbiologists mainly
concerned themselves with pathology, the study of disease. Due to the high prevalence and
mortality rates of individuals with “smallpox, cholera, diphtheria, pneumonia, typhoid fever,
plaque, tuberculosis, typhus, [and] syphilis” 10, pathologists were highly interested in eradicating
lethal infectious disease harbored within people for the benefit of all. However, as more
information regarding the microbiome coalesced, it became evident that the planet also contains
other microbes with valuable properties worth examining.

Microbial ecology is the study of microorganisms and their relation to each other, multicellular
organisms, and the environments they inhabit. The shift from a wholly pathological perspective
to an ecological perspective was spurred by findings that organisms were abundant in the
environment. In the initial days of this discipline Martinus Willem Beijerinck (1851-1931)
invented enrichment culture, a broth for supplementing microbial growth, in order to study
aggregated cells gleaned from the environment 11. This practice, still in use today, has
significantly expanded and drastically furthered our ability to understand biological processes.
Through the use of enrichment culture, researchers are able to grow ample amounts of microbes
necessary for research purposes. With the advent of DNA sequencing technology, the ability to
rapidly sequence nucleic acids with high accuracy and read lengths is important for the
assessment of the planet’s vastly diverse microbiome.

In additional to being found in almost all terrestrial and aquatic habitats of our planet, microbial
organisms are abundant within multicellular organisms 12. Within multicellular organisms,
microbes can maintain parasitic, commensal or mutualistic relationships with their hosts.
Differences in life strategies leads to high microbial diversity and abundance within multicellular
organisms. Current estimates suggest there are as many bacterial cells in humans as there are
host cells 13. In some species, gut microbiomes have been shown to influence behavior 14. For
species such as the pea aphid and their associated Buchnera gut microbes, both parties have
evolved to become dependent on one another 15. In addition to pairwise host-microbe
interactions, microbes can also interact with each other in mutualistic or antagonistic ways 16.
Symbiotic relationships are crucial for the health and fitness of many macroorganisms. Whilst
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initial microbiome research initially focused on animal hosts, these relationships are also
widespread in plant species as well.

Flora and fungi have interacted for hundreds of millions of years. In spite of the antiquity of
these paradigms, these relationships are still not fully understood. In the early days of biology
research, plants and fungi were considered to be more or less the same type of organism. Due to
their apparent immobility, growth patterns, and propensity for moist environments, fungi were
merely seen as simple, less advanced versions of plants. However, over the years, researchers
learned this sentiment was false. The plant/fungi distinction was elucidated through various
studies, which revealed that fungi have and cell walls mainly composed of chitin unlike the
cellulose containing plant cell wall 17. Fungi lack chloroplasts, necessary organelles found in
plants used for performing photosynthesis. Fungal species can also exist as unicellular or
multicellular organisms, while all plants species exist as multicellular entities. After the advent
of sequencing technology, researchers found that plants and fungi diverged from each other some
1.1 billion years ago and that fungi are closer related to humans than to plants 18. Despite the
differences between plants and fungi, the relationships between these organisms are crucial to
their survival and propagation, or expiration.

Generally, in the past, microbial taxa pathogenic to plants have been relatively well described
due to their readily apparent negative effects on hosts. Fungal pathogens are fungous
microorganisms that harm hosts in order to propagate themselves. If predators consume their
prey in whole number units, then pathogens consume their hosts in decimal units. Pathogens can
inhabit both the exterior and the interior tissue of their hosts. They are often the causes of plant
diseases such as blight, leaf spotting, and mildew. Since they can remain latent and don’t usually
outright kill their hosts, fungal pathogens are widespread and found wherever plant hosts reside.
Fungal plant pathogens are likely to undergo mutation and gene flow, and as a result, they are
both diverse in their genetics and life strategy 19. They can inhabit virtually all types of plant
tissue, where they secrete compounds like manganese peroxidases 20 or cellulases 21 that allow
them to digest plant lignin and cellulose, respectively. They can also inhibit important plant
metabolic pathways important for plant health, such as immune system response 22. Although
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fungal pathogens are the most visible to observers, unseen fungal mutualists are just as
significant to host wellbeing.

Mycorrhizae are the symbiotic fungi best known by science. They inhabit the rhizosphere, or soil
matrix surrounding the root system of plants. Soil-residing symbionts affect many factors that
influence plant health. They can alter soil chemistry by secreting or consuming compounds that
affect pH and dissolved organic carbon, in addition to other metrics, like soil nitrogen content,
that can manipulate plant growth 23,24. Mycorrhizae can upregulate water and nutrient uptake into
plants, conferring drought tolerance 25. Rhizosphere fungi are also important to soil microbiome
composition, as their primary and secondary metabolites can inhibit or enhance the growth of
other microorganisms 26. While root associated fungi are the most studied microbial plant
symbionts, microbes of the phyllosphere, or above ground portion of plants, are less understood.

Fungal epiphytes are microbes that reside on the exterior surface of host plant tissue. Epiphytes
can benefit hosts in various ways. Certain strains of epiphytes can attract or deter pollinators like
bees to host 27. Epiphytes can also inhibit the growth of pathogenic microbes on host tissue 28.
Despite these benefits, some species of epiphytes are pathogenic to hosts. Parasitic strains of
epiphytes have been found to degrade tree wood for nutrients without providing any benefits to
their hosts 29. Others have been shown to cover leaf surfaces, thereby block incoming light and
lower host ability to perform photosynthesis 30. Ultimately, the benefit or harm conferred by an
epiphyte is largely dependent on its strain.

Only recently have plant endosymbionts (those that live within healthy tissues, hereafter,
endophytes) have gained substantial attention 31. They are often largely asymptomatic and are
consequently difficult to identify visually. As a result, endophytes are still largely
uncharacterized. Endophytes can also affect multiple aspects of their hosts, including rates of
nutrient uptake, the ability to persist in adverse soil pH conditions, and modulation of host
immune responses to pathogens 32. Foliar microbiomes have also been shown confer defensive 33
and nutritional benefits 34. They can also prevent hosts from being grazed upon by herbivores 35.
Endophytic fungi interact in some systems to produce an important phytohormone known as
indole-3-acetic acid 36. Other studies have shown endophytes as the instigators for heightened
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host drought tolerance, increased biomass production, and amplified pollinator recruitment 37,38.
Despite their potentially beneficial effects, not much is known about the myriad mechanisms of
interaction between fungal endophytes and the plant species they inhabit 39. Specifically, two
concepts regarding plant endosymbionts that have received little attention are:

(1) host effect on endophyte community composition

and

(2) endophyte-secreted volatile organic compounds.

Research shows that plant genotype can affect endophytic community composition. These effects
have been shown to be result of genes that code for host immune response to internal microbes
40

. Poplar genes such as Mmd1 have been shown to affect resistance to rust pathogens 41. Host

secondary metabolite production can also create selection pressures that affect microbial
community structure 42. While many studies have compared the endophyte communities of
cultivars within a species, fewer have assessed community composition between two closely
related species residing within the same habitat.

Volatile organic compounds (VOCs) are organic molecules that have high vapor pressures in
ambient temperatures that allows them to disperse readily into the environment. All smells and
some flavors are the result of specific VOCs interacting with sensory organs 43. Interestingly
enough, endophytes are also known to secrete VOCs 37. As a result of their potential for
dispersal, they are a common currency used in plant/symbiont signaling 44. They alert organisms
that can sense them to the presence of the organisms that emitted them 45. They can also deter
growth by inhibiting biological pathways necessary for some organisms 46. Fungal VOCs have
been shown to induce positive growth responses in host plants 47 and to reduce pathogen
presence 4849.

Through this thesis, I will investigate two related concepts; host effect on endophyte
community composition and endophyte-secreted volatile organic compounds. In order to
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accomplish this goal, I have two specific aims. My first aim is to identify and characterize focal
fungi from naturally occurring plant hosts. Specifically, in Chapter 1, I will characterize the
foliar fungal microbiome of two co-occurring related plant taxa in the genus Populus. I will
also construct a novel phylogenetic tree from field and herbarium obtained poplar leaf
samples. This genus contains multiple species of economic and ecological importance, and have
been model systems for genetics, genomics, and ecology. I will specifically focus on two species,
Populus trichocarpa and P. fremontii.

Once I have identified these focal endophytes, in Chapter 2 I will assay the VOCs emitted by
foliar fungi found within poplar. These compounds have been shown to affect how plants grow
and how organisms interact with each other 50. To determine the VOCs secreted from the fungi
isolated through work in the former chapter, I conducted targeted in vitro VOC gas
chromatography assays coupled with mass spectrometry analysis.

Ultimately, I uncovered information concerning naturally occurring fungal endophytes that can
potentially be used for societal and economic benefit. Since the beginning of the Green
Revolution, society has implemented various artificial technologies and practices in order to
increase crop yield. Although successful, practices like pesticide and herbicide use are often
unsustainable and harmful to humans in the long term 51,52. Microbes can be used to
sustainably increase the yield and health of cultivated plants through their life strategies
and production of metabolites. Plant derived microbes can also cheaply synthesize
compounds with industrial, medical, and personal uses. Through the understanding, and
eventual optimization, of factors affecting endophyte community composition and VOC
emittance, people can harness them for the greater good.
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Chapter I: Poplar Foliar Community Structure and
Phylogenetics
Introduction
Endosymbiotic interactions between plant species and microorganisms (viruses, bacteria,
archaea, fungi and oomycetes) 53 of the endosphere (internal plant tissues) 54 have existed for
hundreds of millions of years 55. Vegetal tissue provides a “stable, nutrient-rich niche for
associated microbes to thrive” and perpetuate symbiotic dynamics with plant hosts 56. Per
endosymbiotic theory, plants and other eukaryotic organisms descended from relationships
between endosymbiotic bacteria and proto-eukaryotic hosts 57. This is evident through the
analysis of cpDNA unique to chloroplasts, vital plant organelles monophyletically derived from
once free-living bacteria of the distant past 58,59. The evolution of once primordial
endomutualisms into the eukaryotic organisms of the present clearly demonstrates the
importance of endosymbiotic paradigms 60. Endosymbiotic relationships are as crucial to the
health and survival of Plantae as they were to their unicellular progenitors 61.

Endophytes are commensal or mutualistic microorganisms that inhabit most types of plant tissue
62

. Although fungal endophytes are often less abundant than their bacterial counterparts in most

plant tissues, they are no less important 63. Endophytic fungi can be found in roots 64, stems 65,
leaves 66, flowers 37, and fruit 67 of host organisms. Within host,
commensal endophytes can remain latent and grow once host tissue has senesced 68. These types
of fungi exist sapotrophically by feeding on already decaying leaf tissue and cycling its carbon
back into the food web. In contrast, mutualistic endophytes can confer advantageous traits that
aid in host survival. Endosymbiotic fungi have been shown to increase host growth 69, reduce
host pathogen load, upregulate host nutrient uptake and even increase host heat tolerance 70.
Some species of plants, including the model organism Arabidopsis thaliana, do not grow as
rapidly or as healthily in sterile conditions (without microbial presence) than their counterparts

16
grown in the presence of endophytic fungi 47. While endophytic relationships have been known
for some time, they are not well understood.

Some of the best-known plant/microbe endosymbiotic mutualisms occur within plant roots.
Endomycorrhizal (from the ancient Greek ἔνδον (éndon, “inner; internal”) +
μύκης (múkēs, “fungus”) + ῥίζα (rhíza, “root”)) microbes are crucial to the growth of most
species of plants 71. Within this specific type of mycorrhizal mutualism, fungi help their hosts to
derive important nutrients from their environment in exchange for resource compounds they may
lack, such as carbon. They also can aid with beneficial soil microbiome community composition
by spurring the secretion of phenolic acids such “coumarin, syringic acid and vanillic acid” that
inhibit pathogen growth 72. A lesser known type of endosymbiosis occurs with plant leaves.
While foliar endophytes are much less understood than their endomycorrhizal counterparts, they
are no less important.
Fungal foliar endophytes are non-clavicipitaceous, polyphyletic and tend to be ascomycetous 73.
Most (~75%) of foliar fungi belong to the classes Dothideomycetes and Sordariomycetes 74.
Within these classes, ~2500 genera of fungi exist. This diverse grouping of endophytes has been
isolated in virtually all extant taxa of plant species. Inside hosts, endophyte foliar fungi are
mostly advantageous. These microorganisms can alter patterns of nitrogen uptake and
distribution in hosts 75. They can also secrete compounds with antimicrobial and chitin
degradation properties 76. Foliar endosymbiotic dynamics can significantly influence the growth
and development of their hosts 77.
Interestingly, research shows that host gene expression can affect plant microbiomes 78. While
plant immune responses to specific pathogenic microbes have been known for some time to have
a genetic basis 79, endophyte community composition is more broadly modified by host gene
expression and host tissue age 80. A plant’s genotype has been shown to affect the type of
compounds it secretes into surrounding soil to recruit beneficial microbes 81. Research also
suggests that similar mechanisms occur in foliar microbiomes.
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In order to further understand host genotype’s effect on foliar microbiomes, I surveyed the
fungal foliar communities of two closely related, but distinct poplar tree species, Populus
trichocarpa & Populus fremontii. Through this work, I determined if the fungal endophyte
communities harbored within healthy leaves were specific to the respective species of poplar.
I also sought to determine if seasonality had an effect on these foliar fungal communities.

Methods

Host Selection
Members of the genus Populus diverged from the willow-containing genus Salix ~50 million
years ago 82. Poplar species tend to inhabit temperate climates and maintain deciduous
characteristics, like leaf shed. Poplar are dioecious, with individuals possessing only one of two
potential sexes. Populus species mostly spread through shoots originated from clonal roots
known as suckers 83. These characteristics make poplar unique among woody plant species.
In particular, Black cottonwood (Populus trichocarpa) and Fremont’s cottonwood (Populus
fremontii) are poplar species primarily distributed within northwestern and southwestern North
America, respectively 84. Populus trichocarpa usually grows in cooler, more damp environments
while P. fremontii typically inhabits warmer, more arid climates. While these species tend to
inhabit different climatological areas, they are known to hybridize in proximity of one another,
producing hybrid offspring known as Populus x parryi 85. These lineages are known for growth
rates amongst the fastest of known tree species 83. Consequentially, they have utility as quickly
proliferating sources of softwood lumber 86. Products made from poplar include “veneer and
plywood, composite panels, structural composite lumber, pallets, furniture components, fruit
baskets, containers, and chopsticks” 87. Poplar is also sought for the creation of wood pulp.
Products from poplar wood pulp include “specialty paper products, such as napkins, tissues,
towels, fine paper, paper board for packaging…roofing felt… insulation board, ceiling tiles…
groundwood, kraft, semi-chemical, and bleached sulfite” 87. They can also be used in the
synthesis of cellulosic biofuels, sustainable sources of energy that produce less waste and
pollution than fossil fuel combustion 88. Due to these factors, these species maintain a high
degree of economic significance.
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Populus trichocarpa and P. fremontii are also known to aid in environmental phytoremediation
by incorporating potentially toxic compounds like toluene or benzene into their biomass and out
of the environment. 89. Due to their natural proclivity for river systems, their clonal roots are
adept at holding soil substrate together. As a result of the aforementioned characteristics, these
species are also commonly used for riparian restoration projects 90.

Unlike many other large woody plants, P. trichocarpa has the distinction of being the first tree
with a fully sequenced genome 91. The related but distinct genomes and hybridization potential
of these two species (P. fremontii and P. trichocarpa) made them ideal for determining if host
genotype has an effect on foliar microbiome composition.

Site Selection
Leaves from P. trichocarpa and P. fremontii were collected from trees within Niles Canyon.
This 5-mile long ravine runs from Sunol, CA to Fremont, CA. This location was chosen for
sampling because it exists as natural hybrid zone for the two targeted species of cottonwood 84.
The trees of the canyon are also subjected to similar climate, a metric known to affect the
community composition of foliar microbiomes 92. Additionally, Niles Canyon is located
relatively close to the University of San Francisco, which made sample storage and
transportation easier.

Field Sampling
Pilot study leaf collection occurred on November 5th, 2017. Eight P. fremontii trees were
included within the initial survey. These initial eight trees were sampled again on July 12th, 2018.
A final round of sampling occurred July 5th, 2018, when 14 previously unsurveyed trees were
sampled. Overall, seven autumn foliar microbiomes and 20 summer foliar microbiomes were
sampled for foliar community analysis. Three sets of leaves were collected from each tree; one
group for fungal isolation, another for plant genotyping and species identification, and a third for
visual species identification. In order to isolate beneficial foliar endophytes, trees with visible
indicators of good health (green and abundant leaves) were selected over individuals with
noticeable disease (i.e. wilted or decaying leaves with visible rust or necrotic spotting). I selected
for outward facing sun leaves due to their higher levels of metabolic activity that may contribute
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to endophytic growth 93. Leaves located out of reach were obtained through the use of either a
pruning pole (Fiskars Oyj) or an arborist slingshot (Notch Equipment). Gathered leaves were
placed in plastic bags denoting when and what individual they were collected from. For each
tree, I recorded metrics including tree height, diameter at breast height, leaf sample height, and
GPS location. Tree height was measured using an EC II Digital Clinometer (Haglöf). Five extra
trees putatively identified as P. trichocarpa with signs of noticeable pathogens rusts and
powdery mildews were sampled for plant genotyping and leaf analysis. These extra leaves were
not included within our analyses of endophytic communities. After labelling, leaf bags were then
placed into a cooler with ice packs and transported for processing.

Surface Sterilization
Leaves were surface sterilized and plated the same day to minimize the significant alteration of
their internal microbial communities. Surface sterilization allowed for the removal of epiphytes
and other debris from the outer portions of leaves 94. Leaves were first washed with diH20 within
a sterile petri dish. Following this initial wash, leaves were treated with a 95% ethanol wash for
10 seconds, a 0.5% NaOCl wash for two minutes, and then a 70% ethanol wash for two minutes
to kill any surface microbes. Between each wash, the respective liquids were decanted from the
petri dish to allow space for the newly added solutions. Following sterilization, dead or
potentially diseased portions of leaves were trimmed and leaves were allowed to air dry in a
sterile biosafety cabinet.

Fungal Culturing
Once dry, the remaining leaf portions were cut into 2 mm2 fragments and placed into 1.5 mL
slant tubes containing 2% Malt Extract Agar (MEA), a media type known to induce the growth
of diverse fungi 95. MEA consisted of 1 gram of agar (Fisher Scientific) and 1 gram of malt
extract agar (VWR International, OXOID) for every 50 mL of diH20 used. The resulting mixture
was then autoclaved for 30 minutes and pipetted into slant tubes.

I cultured from 150 leaf tissue fragments for each of the trees sampled in November 2017. Slant
tube cultures plated in November were allowed to grow for 16 days. After this initial growth
period, isolation frequency (the number of tubes with fungal growth out of all tubes per tree) data
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were collected. I recorded another round of isolation frequencies for these trees about five
months after the original slant tube plating, in April 2018.

I cultured from 200 fragments for each tree sampled in July 2018. I increased the number of slant
tubes for this round by 50 because I hypothesized that more endophytes could be isolated from
healthier summer leaves than from older, senescing autumn leaves. Slant tube cultures plated in
July 2018 were allowed to grow within container sealed plastics bags for about 35 days before
the initial pass through and isolation frequency calculations. New isolation frequencies were
recorded about seven months after initial slant tube plating, in February 2019.

After each pass though of each sampling, newly grown fungi were subcultured into larger 35 mm
plates with 2% MEA. On these plates, fungi grew for six weeks before they were water
vouchered in sterile culturing tubes. Vouchering facilitates survival of these strains for extended
periods of time (more than a decade) 96. Unvouchered fungal biomass was used for the following
DNA extractions.

Fungal DNA Extraction
Extractions were performed with the REDExtract-N-Amp Plant kit (Millipore Sigma). For each
extraction, 100 μL of extraction buffer was added to a tube containing a small amount of fungal
biomass. Tubes containing fungal matter and extraction buffer were then subjected to one minute
of bead beating using 1.0 mm diameter yttria-stabilized zirconium oxide beads (Next Advance)
in a mini-Beadbeater 96 (Biospec Products). Sample tubes were then incubated at 95°C for 10
minutes. Following heating, 100 μL of dilution buffer was added to each sample to neutralize the
extraction buffer. The extractions were then stored at 4°C until PCR.

Fungal PCR Amplification and DNA Sequencing
I sequenced the internal transcribed spacer ITS region of the nuclear ribosomal gene to identify
targeted fungi. These non-coding barcode sequences have high rates of interspecific
discrimination, which is helpful for denoting the species of fungal and plant species 97. I used the
REDExtract-N-Amp Plant Kit (Millipore Sigma) for PCR amplification of fungal ITS regions.
Each PCR reaction contained 10 μL of amplification solution, 6.4 μL of PCR-grade H20
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(Millipore), 1 μL of BSA (Millipore Sigma), 0.8 μL of 20 mM of the fungal-specific ITS1F
forward primer 5’– CTT GGT CAT TTA GAG GAA GTA A –3’ , 0.8 μL of 20 mM ITS4 5’–
TCC TCC GCT TAT TGA TAT GC–3’, and 1 μL of template DNA. A negative control that
included sterile water in place of the template was included for each batch of PCR. Reactions
were run on either a C1000 Touch or T100 thermal cycler (BioRad). Cycle conditions were
denaturation at 95°C for three minutes, followed by 35 cycles of 95°C for 30 seconds, 54°C for
30 seconds, 72°C for one minute, and a final extension at 72°C for 10 minutes.
Three μL of PCR product from each sample were electrophoresed in 1% agarose gels with
SYBR Safe DNA Stain (Invitrogen) at 100 volts for 30 minutes to verify amplification and the
absence of bands in the negative controls. Successfully amplified samples were then treated with
1 μL of ExoSAP-IT High-Throughput PCR Product Cleanup reagent (Applied Biosystems) for
every 17 μL of PCR Product. These mixtures were incubated at 37°C for 15 minutes to degrade
excess nucleotides and primers and then at 80°C for 15 minutes to inactivate the ExoSAP-IT.
Following PCR cleanup, samples were diluted with an additional 15 μL of PCR water per
reaction. Samples with faint gel bands were not diluted. These cleaned PCR products were then
sent for Sanger sequencing at MCLAB in South San Francisco, CA.

Niles Canyon Tree DNA Extraction
From the same trees, plant gDNA was also extracted for analysis. Fifty micrograms
(approximately 0.050 g) of wet weight frozen leaf material from each tree was ground using
autoclave sterilized pestles within sterile plastic tubes. Following pestle grinding, extractions
were similarly performed with the REDExtract-N-Amp Plant kit as described above. Samples
were stored at 4°C until PCR was performed.

Herbarium Sample DNA Extraction
Currently, no ITS sequence data of P. fremontii exists within NCBI’s genetic database, Genbank.
In order to ensure that samples isolated from Niles Canyon were appropriately genotyped, I
extracted tree DNA from pressed samples of P. trichocarpa or P. fremontii procured from the
California Academy of Science’s herbarium. These pressed samples were chosen for this study
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because they were visually identified by seasoned career botanists with extensive understanding
of poplar foliar morphology.

Leaf tissue samples were taken from their respective exsiccatae sheets and placed in respectively
labelled falcon tubes for transportation. Extractions were performed using a modified version of
a DNeasy Plant Mini Kit protocol (Qiagen). Once transported to the lab for processing, I
weighed .02 grams of each sample and added them to appropriately labelled tubes containing 1.0
mm diameter yttria-stabilized zirconium oxide beads (Next Advance). Tubes were then
processed in a mini-Beadbeater 96 (Biospec Products) for three minutes. Following bead beating,
400μL of AP1 Lysis Buffer (Qiagen) was added to each tube along with 4 μL of a 1 molar
solution of sodium metabisulfite, a compound used to help purify DNA extracted from leaves 98.
Tubes were then vortexed and incubated at 65°C for 45 minutes, with a physical inversion every
10 minutes. 130 μl of Buffer AP2 was then added to the lysate. The mixture was then vortexed
and incubated for five minutes on a cold block. After incubation, tubes were centrifuged at
15,000 rpm for six minutes. The resulting lysates were then pipetted into Qiashredder mini spin
columns (Qiagen) within 2 mL tubes and centrifuged for 2.5 minutes at 20,000 x g. Resulting
flow through was then added into sterile tubes containing AP3/E Binding Buffer (Qiagen) and
mixed by pipetting. Once mixed, 650 μLs of the resulting solutions were then transferred to
respective DNeasy mini spin columns (Qiagen) within 2 mL tubes and centrifuged for one
minute at 7000 rpm before decanting. This step was repeated until all of the previous mixture
containing flow through and AP3/E Binding Buffer was spun through respective DNeasy mini
spin columns. These columns were then placed in sterile tubes. 500 μL of AW Wash Buffer
(Qiagen) was added to the columns before being centrifuged for one minute at 7000 rpm.
Following this step, flow through was discarded and filter cleanliness was recorded. Columns
were then subjected to another 500 μL of AW Wash Buffer and spun for 2.5 minutes at 20,000
rpms. 50 μL of Buffer AE was then directly added to the filters of columns placed in Lo Bind
DNA tubes (Qiagen) and incubated at room temperature for 10 minutes. Following incubation,
tubes were spun at 7000 rpm for one minute. Another 50 μL of Buffer AE was added to filters,
incubated and spun under the same conditions for a final volume of 100 μL. Resulting
extractions were then DNA quantified using Qubit HS fluorometric assays.
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Populus PCR Amplification and DNA Sequencing
I sequenced the internal transcribed spacer ITS region of the nuclear ribosomal gene used to
identify targeted tree species 99. I used an REDExtract-N-Amp Plant Kit (Sigma-Aldrich) for
PCR amplification for Niles Canyon plant ITS regions. Each PCR reaction contained 10 μL of
amplification solution, 6.4 μL of PCR-grade H20 Millipore, 1 μL of BSA, 0.8 μL of ITS5
forward primer 5’–GGA AGT AAA AGT CGT AAC AAG G–3’, 8 μL of ITS4 reverse primer
5’– TCC TCC GCT TAT TGA TAT GC–3’, and 1 μL of 1:10 dilution of template DNA in
diH20. This dilution helped to reduce PCR supression likely caused by plant inhibitors.

Reagents were run on either a C1000 Touch or a T100 thermal cycler (BioRad). Cycle conditions
were 95°C for three minutes, followed by 35 cycles of 95°C for 30 seconds, 54°C for 30
seconds, 72°C for one minute, and a final extension at 72°C for 10 minutes. Successful
amplification was verified, and reactions were cleaned using 1 μL of ExoSAP-IT HighThroughput PCR Product Cleanup reagent (Applied Biosystems) for every 17 μL of PCR
Product. Following PCR clean-up, samples were sent for Sanger sequencing as described above.

Sequence Quality Control and Analysis
Fungal and plant gDNA sequences were trimmed and checked for quality. Short (<300) base
pairs sequences and poor-quality sequences removed. Remaining sequences were trimmed to a
final length ~570 base pairs using Geneious software 100. Bases with multiple Sanger specific
fluorescence reads were reconciled through the use of degenerate bases that could account for
either base represented. All sequences were then subjected to NCBI basic BLAST, an algorithm
used for comparing DNA sequence information to a database of sequences submit by researchers
across the globe 101.
Plant sequences were aligned using default Geneious Clustal W software 102. Following
alignment, sequences were used to infer a phylogeny with PhyML 103 with 5000 bootstraps and a
GTR substitution model. Another phylogeny was constructed using Mr. Bayes software 104 with
a GTR + I + gamma substitution model. Mr. Bayes chain length was set to 10,000,000,
subsampling frequency to 5,000,000, its burn-in length to 1,000,003, and heated chains to 4 with
a chain temp of .2. Through these phylogenies, I could determine the ITS genotype (species) of
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each tree included within the survey by comparing them to Genbank poplar samples as well as
herbarium extracted DNA reads.

Bioinformatics Processing, Community and Statistical Analyses
In order to visually fungal OTU abundance and distribution respective to tree species or
seasonality, I generated box plots using RStudio 105. I also generated NMDS ordinations to
compare the microbiomes of different samples with similar treatments.

In order to determine if there was a species or seasonal effect on the fungal foliage communities
of surveyed poplar species, I ran statistical test on each of datasets. Specifically, I used the
Permanova and Wilcoxon signed-rank tests to determine if the variables had significant effects
on foliar microbiomes. These tests were performed in RStudio using the vegan package 106.

Results

Culturing results
See supplemental table 1, pg 43

Out of all the sterilized leaf fragments plated in November 2017, 18.3%, or 220 out of 1200
tubes, exhibited growth after two weeks on MEA plates. Another 9.30%, or 112 tubes, out of
1200 were found to have grown roughly six months later. Overall 27.67%, or 332 out of 1200
MEA tubes exhibited growth after a five-month period. During the second pass through of the
MEA tubes, it appeared that the bag inside of the plastic container for the fifth tree was
contaminated with fungal growth. I discarded these tubes and excluded this sample from later
analysis.

See supplemental table 2, pg 43

Out of leaf fragments sterilized and plated on July 12th, 2017, 2.25% (36 out of 1600 tubes),
exhibited growth after two weeks on MEA plates. Another 8.81% (141 tubes out of 1600 tubes)
were found to have grown roughly seven months later. Overall 11.1%, or 177 out of 1600 MEA
tubes exhibited growth after a seven-month period. While inspecting the second pass through,
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the plastic bags containing tubes from the fifth tree was also contaminated with slight fungal
growth outside. These tubes were excluded from community analysis.

See supplemental table 3, pg 44
When surveyed on August 8th, 2018, 8.92% (232/2600) of the leaf fragments plated on July 5th,
2018 grew fungal mass. Once reevaluated seven months later, I found that 11.0% (287/2600) of
tubes had fungal growth. Altogether, 20% of plated leaf fragments grew fungi after seven
months. While inspecting the second pass through, the plastic bags containing tubes from the
trees 11, 15, 19 and 20 were also contaminated. These tubes were also excluded from community
analysis.

Tree Genotyping
See supplemental figures 1 & 2, pgs 45 and 46 respectively
Phylogenetically, sampled tree genotypes matched with expected leaf phenotype for each
individual. Lighter, heart shaped leaves denoted P. fremontii, while smaller and darker leaves
signified that a sample was from P. trichcocarpa 107.

Overall Fungal Community Analysis
See supplemental table 4, pg 47

Out of 466 successfully amplified and sequenced fungal ITS extractions, 77 different species
were cataloged from nine P. fremontii and 11 P. trichocarpa trees. The fungal genera isolated in
this survey have been shown to possess life histories ranging from endophytisim, to
commensalism and obligate parasitism.

Summer P. fremontii and P. trichocarpa Fungal Community Analysis
See supplemental table 5, pg 49
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This comparison was performed to determine difference between the fungal communities of both
species while controlling for the season. 181 samples from targeted trees were successfully
isolated, amplified and sequenced from 16 trees. Trees 2, 3, 6, 7, 8, 10 and 11 were determined
to be P. fremontii. Trees 9 and 13 - 22 were P. trichocarpa. Out of 40 different foliar genera, 60
species were obtained. 14 successful extractions were obtained from P. fremontii, and seven of
the 13 P. fremontii species in nine genera were unique to this specific host. P. Trichocarpa
contained the other 160 fungi isolated.

Seasonal P. fremontii Fungal Community Analysis
See supplemental table 6, pg 50
Since cultures were successfully extracted from the same Fremont’s cottonwood trees (trees
2,3,6 & 7) in November 2017 and July 2018. I compared the respective fungal communities
isolated from these individuals. From these 196 samples, 32 separate species were isolated.

Discussion

Overall Fungal Community Analysis
The most abundant genera isolated in this study, Mycosphaerella, is known to contain over
10,000 different fungal species 108. Many Mycosphaerella species were classified by
morphological characteristics, before the propagation of gene sequencing technologies. When
researchers began to sequence Mycosphaerella 28S nrDNA sequences responsible for coding
ribosomal LSU, they found that the genus contained species that did not form a single,
monophyletic group. Due to genetic analysis, this “genus” is understood to be polyphyletic,
instead of monophyletic 109. It contains about 30 true (distinctly monophyletic) genera that
maintain diverse endosymbiotic relationship types with hosts. Some species have been shown to
devastate important harvests, such as wheat crops 110. Other species, such as one that inhabits
Psychotria horizontalis, are endophytic and known to emit compounds that inhibit the growth of
various human parasites such as malaria (Plasmodium falciparum), leishmaniasis (Leishmania
donovani), and Chagas disease (Trypanosoma cruzi) 111. In particular, the species isolated in this
study Mycosphaerella sp. PB-2012b is not well known to science.
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Penicillium species were the second most prominent taxa isolated from Niles Canyon poplar
leaves. This monophyletic group contains over 300 unique species of fungi 112. Penicillium have
maintained ecological, economic and medical significance since being first described to science
in 1809. These species are responsible for the decomposition of plant biomass, as well as carbon
cycling within ecosystems. They are also used for the creation of products such as penicillin and
cheese 113. Like Mycosphaerella, Penicillium can exhibit endophytic, commensal or parasitic
traits depending on host species and genotype. Some species have been found responsible for the
decay of various fruits such as apples and strawberries. Other strains of Penicillium have been
revealed to actively secrete phytohormones that upregulate plant growth genes during periods of
increased environmental stress 114,115. The most bountiful Penicillium species isolated during this
study, Penicillium glabrum, has been found as a pathogen in wide variety of plant fruits,
including pomegranates, strawberries, and grapes. Penicillium glabrum also exists
endophytically within Bauhinia forficate, a medicinal plant used for indigenous healing practices
116

. This species has been shown to either decompose hosts or produce compounds that help

guard hosts against pathogen presence.

The third most abundant species isolated was Marssonina brunnea. This species is a well-known
poplar pathogen that inflicts one of the most common foliar illnesses, leaf spot disease 117. If
unchecked, this pathogen can lead to premature defoliation of poplar trees before natural leaf
shed. If combined with other stressful factors, this pathogen can contribute to the death of poplar
trees 118.

Another fungal taxa isolated belonged to the genus Cladosporium. Due to advanced dispersal
ability, Cladosporium are bountiful and can be found within what appears to be dust in indoor
and outdoor environments alike 119,120. Species of this monophyletic genus can also exhibit traits
ranging from endophytism to obligate parasitism. They have the ability exist parasitically on and
within plant and animal species 121. Cladosporium species can also exist endophytically by
parasitizing other fungi that can harm host plant tissues 122. Unlike the other prominent taxa
isolated in this study, the BLAST results for this grouping was not specific to the species level. It
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is mostly likely because the individuals isolated within this study has yet to be wholly described
by science.

Other fungal species isolated from this study have many beneficial attributes. Foliar-isolated
Aureobasidium pullulans is an endophyte that is used to stop the growth of pathogenic fungi on
apples, grapefruit, tables grapes, cherry tomatoes and other popular produce products 123. While
Penicillium expansum is often pathogenic food contaminant, it produces the volatile geosmin
that is a contributor to petrichor 124. This earthy scent occurs after heavy rain and is enjoyed by
people worldwide. Penicillium spathulatum produces the anticancer compound asperphenamate
125

. When treated with the common compound gold chloride, Nigrospora oryzae can create gold

nanoparticles 126. Strains of Naganishia liquefaciens secretes garbage lipase that can synthesize
biodiesel from sludge 127. Despite residing in seeming innocuous tree leaves, foliar microbes can
be harnessed for diverse uses.

Summer P. fremontii and P. trichocarpa Fungal Community Analysis
See supplemental figures 3 & 4, pgs 51-52 respectively

OTU abundance was much greater in P. trichocarpa leaves than in its counterpart, P. fremontii.
PERMANOVA and Wilcox tests for this grouping generated a p value of .049 and .057
respectively.

Seasonal P. fremontii Fungal Community Analysis
See supplemental figures 5 & 6, pgs 52-53 respectively

Despite the difference in amounts of fungal samples, summer and fall samples of P. fremontii
contained roughly the same amount of OTU groups. The PERMANOVA and Wilcox tests had pvalues of 0.963 and .9241, respectively, suggesting no significant between these sample groups.
The NMDS ordination also failed to display any distinctive groupings in this dataset.
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ITS Analysis and Phylogenetics
While both targeted species placed as expected within monophyletic clades in both phylogenies,
the bootstrap supports for the Mr. Bayes tree were <90 and not sufficient enough for certainty.
While the ITS region is known for its use to discriminate between species, it likely is not long or
divergent enough for to be used as the sole gene used for phylogeny building in closely related
and hybridizing species such as Fremont’s and black cottonwood. In order to remedy poor
bootstrap supports, I will couple ITS reads with non-coding chloroplast genes (e.g. trnL-F or
trnH-psbA), known to help discriminate between poplar species 128.

The fourth tree had leaf characteristics of both species and was thought to be a member of the
hybrid taxa P. x parryii. However, genetic testing of this individual and x parryi herbarium
samples were inconclusive and unable to be supported consistently through phylogeny. Due to
this occurrence, the fourth tree was left out of analyses.

Culturing Issues
Due to fungal contamination on the outside of slant tubes, I disposed of many cultures that
potentially contained valuable data. The importance of culture vigilance and maintenance
became increasingly apparent, especially during data analysis at the conclusion of this study.
Fungal cultures should be assessed often for slightly uncapped tubes, mite presence, as well as
media residues around lids. Through culture upkeep, a researcher can preserve data that can be
extremely difficult or impossible to reobtain.
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Chapter II: Volatile organic compound analysis of two
commonly isolated putative pathogens and two commonly
isolated putative endophytes
Introduction
Volatile organic compounds (VOCs) are carbon containing substances that maintain high vapor
pressure (>0.01 kPa) and low molecular mass 129. As a result of these defining traits, VOCS
readily vaporize at ambient temperatures and atmospheric pressure 130 . Numerous types of
compounds, such as “terpenes, alkanes, alkenes, alcohols, esters, carbonyls,… acids”, thiols,
aromatics and more are able to naturally volatilize 131. Once dispersed into the air column,
VOCs can react with and significantly affect other compounds and entities that come in contact
with them. Odors and some tastes are the direct result of VOCs interacting with olfactory and
gustatory organs 43. Since being discovered in the mid 20th century, VOCs have been shown to
have important biological, environmental and economic impacts 132,133. Through the
understanding and harnessing VOCs, people can utilize them for human gain and benefit.
Volatile organic compounds are produced by a wide array of diverse organisms. VOC emittance
and perception are key biological features of bacteria, fungi, plants and animals. These easily
vaporized compounds have many applications within the realm of biology. VOCs can be used
for interspecific signaling 129. Through emitting volatile organic compounds into the
environment, organisms can be alerted to potential mutualisms and react accordingly. Without
the production of appealing volatiles, many plant species reliant on pollinators would be unable
to reproduce 44. VOCs emitted from the bacteria Bacillus subtilis can alter the expression of
genes related to antibiotic resistance and motility in the model organism Escherichia coli 134.
While these organisms are not sensing each other in a cognitive sense, these VOC-sensitive
mechanisms have evolved because they aid in survival and propagation. Volatiles can also be
used for intraspecific signaling. Depending on the situation, VOCs can relay messages quicker
and more efficiently than sonic or visual forms of communication. Many social organisms like
Canis familiaris analyze VOCs emitted from conspecific individuals to determine various
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characteristics, such as age or sex of the emitter 135. Mice have been shown to alter emitted VOC
profiles according to social status 136. Emitted volatiles have also been implicated in human food
and mate preference 43. VOCs are crucial signaling molecules for many different organisms.
Volatile organic compounds are utilized by an organism to defend itself or its partners in
mutualisms. Many animals, such as skunks and rat snakes, produce a defensive musk that can
distract, repel or overwhelm predators. Certain species of plants have the capacity to inhibit or
kill contending vegetation through the use of VOCs. Despite their prominence in animals and
plants, these types of interactions are not just limited to these organisms. Endophytic fungi have
been shown to produce VOCs that inhibit the growth of competing microorganisms. Some
endophytic species are known to emit volatiles that exterminate microbes that parasitize their
hosts. Through the emission of volatiles, organisms can protect themselves and others.
VOCs have been shown to have substantial effects on human health. These compounds can
incite human allergen responses and irritate mucosal membranes. They can also elicit headaches
and sick building syndrome, a medical condition defined by the feeling of nauseous or
unwellness in old or unclean buildings, is thought to be instigated by the inhalation of VOCs
from various household molds. Some VOCs are carcinogenic to humans that have undergone
extended exposure to these chemicals, such as benzene, formaldehyde and naphthalene. Others
can inflict kidney, liver and central nervous system damage after prolonged exposure. While
many VOCs can negatively impact human health, others can positively affect individuals.
Volatiles emitted from foods can stimulate appetite and push people to seek out healthy foods
like fruits, which aids in their seed dispersal. Although aromatherapy has not been proven to cure
diseases, volatiles utilized during these treatments can improve the mood and mental health of
individuals.
Volatile organic compounds are also abundant and important in environmental systems. Trees in
forest ecosystems can produce hundreds of thousands of tons of terpene volatiles, compounds
with medical and industrial use, a day 130. Forest fires also discharge large amounts of VOCs into
the atmosphere that can simultaneously harm human health while fertilizing soil. Oceans have
also been shown to volatilize organic compounds into the atmosphere 130. While there are
substantial ecological sources of VOCs, the majority of volatile organic compounds emitted into
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the atmosphere have anthropogenic sources. Household products, such as paints, aerosols cans
and acetone can all release VOCs into the atmosphere. The combustion of fossil fuels emits
millions of tons of greenhouse gases and VOCs into the atmosphere daily. Smog also contains
VOC components that can negatively impact human health. As a result of these factors, many
governments regulate VOC emissions and outright ban the use of specifically toxic VOCs.
Volatile organic compounds have environment-level effects on the natural and anthropocentric
worlds.
VOCs have multiple industrial uses. The antimicrobial effects of some VOCs are sought after for
use in drug development research. The ability of VOCs to promote plant growth and stress
tolerance has led researchers to consider them as natural fertilizers. VOCs can also act as
naturally-occurring alternatives to insecticides, fungicides and herbicides. Organic volatiles can
also be used in the production of biofuels. Researchers are also devising ways to grow microbes
with specific VOC profiles that can be integrated into bioreactors to synthesize more complex
compounds. This occurs in cycloprotenation bioreactors, where volatiles emitted from
genetically modified E. coli are cheaply amassed to react with other compounds to form the more
expensive compound cyclopropane 137. Due to the potentially beneficial applications of VOCs,
many organizations employ investigators as bioprospectors for novel organic volatiles.
The study of fungal-emitted VOCs is an area of rapidly growing interest. Fungi can produce
multiple kinds of VOCs with beneficial characteristics. Some compounds, like 1,8-Cineole,
isobutyric acid, and 1-Butanol-3-, methyl-, acetate have antifungal properties that can allow a
fungus to inhibit the growth of fungal competition. Fungal produced VOCs like benzyl aldehyde,
6-Pentyl-a-pyrone and styrene are antibiotic and can more generally inhibit the growth of
nonspecific microorganisms, either fungal or bacterial. Compounds like 1-octen-3-ol, alloocimene and C-6 aldehyde have been shown to upregulate genes that code for increased plant
immune response against pathogens. Other fungal organic volatiles like b-Caryophyllene and 2methyl-propanol have been revealed to elicit increased plant growth 138.

Plants and their associated fungal endophytes have evolved complex pathways of
communication through the use of organic volatile compounds. Through VOC signaling, plants
and fungal endophytes can relay chemical “messages” that spur actions beneficial to one or both
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members of the mutualism. Endophytic VOCs can alert plant hosts to increase immune response
during pathogen presence or metaphorically “reassure” plants that it is safe to grow in stressful
or normally hostile environments. In turn, plants provide stable environments for the growth of
these microbes. Plant immune systems also refrain from lysing endophytic fungi. Through these
mutualisms, both organisms benefit.

Antimicrobial VOCs have various ways of inhibiting bacterial and fungal growth. These effects
can be achieved through the significant modification or outright degradation of cell walls that
lead to cellular lysis and deactivation. VOCs can also directly bypass microbial cell walls and
disrupt vital organelles and enzymes needed to the sustain the viability of targeted cells. VOCs
can also adversely affect the expression of vital enzymes, leading to cell lysis. Research also
suggests that antimicrobial fungal VOCs can damage DNA of targeted organisms 139.

Despite the significance of endophyte-secreted VOCs, they are still vastly understudied. Through
SPME (solid phase micro extraction) headspace analysis coupled with GCMS (gas
chromatogram/mass spectroscopy) evaluation, I elucidated the volatile profiles of four
endophytic fungi taxa isolated from the foliage of P. trichocarpa and P. fremontii, tree species
known for their anthropocentric utility.

Methods

Fungal Culturing
Fungi included within this study were initially isolated from the summer leaves of trees residing
within Niles Canyon, CA, covered in chapter 1. From these leaves, I isolated two commonly
isolated potential pathogens, Mycosphaerella sp. PB-2012b, and Marssonina brunnea. I also
isolated the taxa Penicillium glabrum, Marssonina brunnea, and an undetermined Cladosporium
species. These species were chosen for this study because of their broad foliar distribution across
hosts and season suggests they may secrete compounds important to plant host. These fungi were
recultured from water vouchers onto 100 mm plates with autoclave-sterilized 2% malt extract
agar and allowed to grow undisturbed for two weeks.
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Once significant fungal growth had occurred, 100 mm fungal plates were placed within a
biosafety cabinet. Sterile 40mL TraceClean clear borosilicate glass vials with PTFE-faced septa
(VWR) were also added to the cabinet. These vials were uncapped under sterile biosafety cabinet
conditions and 30 mLs of sterilized 2% MEA was pipetted into each vial, baring one empty
control vial. Once media inside the vials cooled, agar plugs were removed from each fungal
culture using sterile agar plungers and placed on respectively labeled vials. Once sealed, fungi
were allowed to grow for two weeks before SPME & GCMS analysis. Overall, four replicates
were created for each fungal strain, along with a MEA only control vial and empty vial control.

Solid Phase MicroExtraction
SPME techniques utilize industrial fibers coated in specific extracting phase to absorb analytes
from desired samples 140. Extracting phase consists of absorbent materials such as
polydimethylsiloxane that acts as a sponge to “soak up” analytes, which can be “wrung out”
through the high temperature and pressure maintained by a GC inlet. For this study, I utilized 1
cm 50/30 μL StableFlex DVB/CAR/PDMS fibers (Supelco), known for their affinity for
absorbing a wide range of volatile organic compounds. Fibers were conditioned for one hour
within a GC inlet at 270 °C before sampling to remove any compounds passively absorbed to the
extraction phase. Once conditioned, fibers were inserted into septa and allowed to absorb
headspace (airborne) volatiles for one hour. After an hour, fibers were desorbed into a GCMS for
compound analysis. Once completed, fibers were conditioned again for one hour within a GC
inlet at 270 °C before sampling new vials.

Gas Chromatography/Mass Spectroscopy Analysis
GCMS hardware consist of two separate machines, a gas chromatograph and a mass
spectrometer, used in tandem to elucidate compounds. Gas chromatographs utilize an unreactive
carrier gas (usually nitrogen or helium) to send compounds of interest through a heated and
pressurized inlet that extracts compounds from extraction phase. Extracted compounds are then
sent through an increasingly heated column containing solid stationary phase. Stationary phase,
like extracting phase, can consist of various compounds that retain compounds of interest. As the
column heats, the stationary phase releases molecules of interest at different times depending on
their chemical composition and reactivity to stationary phase. The amount of time it takes for
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molecules to eventually burn off of the stationary phase is known as the retention time. This
metric is important because as long as the type of stationary phase and heat ramping protocol is
kept constant, then identical molecules should also have a constant retention time. Due to this,
researchers keep detailed libraries of the various retention times of specific compound on
specific stationary phase. When unknown compounds are sent through a gas chromatograph,
their retention times are monitored and compared to the retention times of already described
substances. In order to further verify substances, GCs chromatograms containing all recorded
retention times of a specific run are often paired with the mass spectra of Ms.

Once compounds have traveled through the GC column, they sent through the connected mass
spectrometer. This device measures an ions mass-to-charge (m/z) ratio, a metric usually specific
to a certain compound. In order to generate mass-to-charge data, compounds of interest are
ionized by the removal of an electron from atoms. These newly positive ions are then accelerated
to a constant speed and sent through a magnetic field. Charged ions are deflected from initial
trajectory due to their mass, and that metric is recorded (mass/charge, or m/z). Deflected ion
beams then have their charge recorded by an ion detector. With metrics for mass and ion charge
recorded, a mass spectrum read is generated for each specific compound analyzed. When GS
chromatograms are coupled with mass spectra, they can both be compared to the known GCMS
results within compound libraries, and elucidated.

In order to elucidate the VOCs isolated from endophytic strains, I used an Agilent 6890 Series
GC system (Hewlett Packard) coupled with a HP 5973 Mass Selective Detector (Hewlett
Packard). The column used was a J&W HP-5 GC Column, 30 m, 0.32 mm, 0.25 µm, 7 inch cage
(Agilent). GC inlet was maintained at 250 °C and set on splitless mode during analysis. Column
temperature was initially 40°C and increased to 220°C at a rate of 4 °C /min for a total run time
of 45 minutes. MS source temperature was 230°C, MS quad temperature was 150°C, and transfer
temperature was 280°C. Scan range was from 10-700 amu.
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Chromatogram and Mass Spectra Examination
Analytes were first generated using Chemstation software (Agilent). Chromatogram and mass
spectra data were then exported and processed using Rstudio 105 and the packages eRAH 141 ,
enviGCMS 142, and ncdf4 143. Once processed, peaks were compared against the National
Institute of Standards and Technology (NIST) 2017 mass spectra library using AMDIS 32 144 to
determine peak composition and metrics. All replicates from the various test groups were
compiled and averaged. For averaged fungi and SPME/MEA/vial controls chromatograms, the
five most abundant peaks from NIST 2017 were compiled with respective match factors,
probability scores and retention times. Each averaged fungal chromatogram was the subjected to
subtraction of averaged control chromatograms to determine pure fungal VOC emittance.

Generally, a match factor >900 is considered an excellent match, 800-900 a good match, 700800 a fair match, and <600 a poor match to a library compound. Probability scores were also
recorded for each of the most abundant VOCs. These scores first estimate if the unknown
compound’s spectrum is present in the library. It then is used to determine if the compound
match is accurate by comparing it to adjacent hits. If two matches contain compounds that have
highly similar structure, then it is harder to determine which is accurate through ion analysis and
lowers the probability score of both compounds. While these metrics are useful, they must be
combined with a robust understanding of chemical dynamics for accurate compound analysis.

Results
SPME analyses revealed the range of variation in VOC profiles between experimental groups.
While specific organic volatiles were abundant in the cultures of some species, those same
compounds were seemingly inexistent or untraceable in others.

Control VOC Profiles
See supplemental figure 14 & table 9, pg 61
SPME fibers and vials mostly emitted synthetic compounds such as Cyclohexasiloxane,
dodecamethyl-, Silane, triethylfluoro, Ethylene glycol – Adiapte – Dietheylene glycol, and 2H-
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Pyran-2,6(3H)-dione. While these synthetic compounds often had low matches and probabilities,
they are likely honest, given the industrial origins of these sampling tools. Interestingly enough,
the human cancer-causing compound tricholoromethane, or chloroform, was also emitted from
MEA samples. The library hits of these control compounds are less important than their
abundance and mass spectra data, which can be subtracted from fungal VOC profiles of interest.

Mycosphaerella sp. PB 2012 VOC Profiles
See supplemental figure 18 & table 10, pg 65

The five most abundant organic volatiles recovered from Mycosphaerella sp. PB 2012 culture
vials were trichloromethane, methane, bromodichloro, 1-butanol, 3-methyl-, benzeneacetic acid,
methyl ester and phenylethyl alcohol. Baring 1-butanol, 3-methyl- and phenylethyl alcohol, all
the rest of these compounds were also found in the controls. It is likely that these compounds are
not fully subtracted out of mean chromatograms because of variability in control VOC
abundance ranges between samples. Fibers can offgas more or less of their synthetic components
between runs.

Phenylethyl alcohol maintained an excellent match score (955), a high probability score
(81.80%) and a passable mass spectrum. It is likely that the signal for phenylethyl alcohol is
accurate. 1-butanol, 3-methyl- had an excellent match score (925), but a lowered probability
score (42.50%), and a poor mass spectrum match. While this library hit may be accurate, it is
more likely that this compound was incorrectly identified or unknown to the NIST 2017 library.

Penicillium glabrum VOC Profiles
See supplemental figure 22 & table 11, pg 69
There were only three peaks with library hits for this Penicillium species. The three most
abundant organic volatiles recovered from Penicillium glabrum headspace analysis were 1pentene, cyclotrisiloxane hexamethyl-, and a third compound with multiple close hits (styrene,
Bicyclo[4.2.0]octa-1,3,5-triene, or 1,3,5,7-Cyclooctatetetraene).
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Cyclotrisiloxane hexamethyl- was isolated in control analyses, so it was disregarded as a fungal
VOC. While had an excellent match score of 922, its probability score was low at 17.60%. It was
also missing multiple mass spectrum peaks. Due to these factors, it is likely that this unknown
compound was misidentified as 1-pentene.

The top hit for the third peak was styrene, followed by Bicyclo[4.2.0]octa-1,3,5-triene, and then
1,3,5,7-Cyclooctatetetraene. Despite having a match factor of 953 and a mass spectrum nearly
identical to the library hit for styrene, its probability score was 37.00%. This uncharacteristically
low probability score is due to the next two matches having a completely identical chemical
formula (C8H8). In order to determine which of the three potential compounds were correct, I
purchased styrene monomer (Tap Plastics). The compound was subjected to the same
experimental procedure as the rest of the samples and analyzed using the same parameters.
Ultimately, the styrene isolated from the fungi matched better to the library search than the
styrene monomer itself. This is likely due to the lingering compounds used by industrial chemist
to synthesize styrene.

Marssonina brunnea VOC Profiles
See supplemental figure 26 & table 12, pg 73
The five most abundant compounds isolated from Marssonina cultures were cyclopentane,
cyclotrisiloxane hexamethyl-, phenylethyl alcohol, aristolochene, and valencen. Cyclotrisiloxane
hexamethyl-, and cyclopentane were found in low amounts in controls. Through comparing
match scores, mass spectra and probability scores, phenylethyl alcohol, aristolochene and
valencene are likely accurate library matches.

Cladosporium VOC Profiles
See supplemental figure 30 & table 13, pg 77

Trichloromethane, cyclopentanone, cyclotrisiloxane hexamethyl-, and cyclohexasiloxane, 3Isopropoxy-1,1,1,7,7,7-hexamethyl-3,5,5-tris(trimethylsiloxy)tetrasiloxane dodecamethyl- were
the most abundant compounds found in Cladosporium headspace. All these compounds were
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found within control VOC profiles. The unidentified Cladosporium isolated within this study did
not seem to secrete any detectable VOCs after two weeks of growth.

Discussion
The major volatile organic compounds isolated from fungal strains of interest were styrene,
phenylethyl alcohol, valencene and aristolochene. Cladosporium and Penicillium emitted
styrene, while Mycosphaerella and Marssonina released phenylethyl alcohol volatiles.
Marssonina also volatilized valencene and aristolochene. All of the assayed compounds are wellknown to science and have been shown to be emitted from fungal sources in previously
published literature. Despite originating from fungi residing within leaves experiencing similar
environmental factors, the isolated volatiles have varied properties and anthropocentric uses.

Phenylethyl alcohol
This compound, also known as 2-phenylethanol, is composed of a phenethyl group
(C6H5CH2CH2) group attached to an OH. It is found in a variety of plant derived essential oils,
and is known to have a light, floral aroma and taste that is similar to roses. Due to its pleasant
odor, it is also found in a variety of skincare and soap products. Phenylethyl alcohol is also
known for its antimicrobial properties 145. This effect is achieved through the degradation of
microbial cell walls, which allows for once impermeable compounds to enter into the cell 146.
This process leads to the degradation of DNA, and the eventual deactivation of the affect
microorganism. Interestingly enough, this compound was isolated from both Marssonina and
Mycosphaerella, two known fungal pathogens. It is likely it is used in interspecific competition
for foliar biomass. This compound could also be used for the degradation of plant leaf tissue for
nutrients in saprotrophic lineages.

Styrene
This chemical species, also known as phenylethene, maintains the formula C6H5CH=CH2. This
compound has a wide range of industrial uses. It is the flammable precursor to polystyrene, a
relatively safe compound essential for the creation of plastics, rubber and insulation. It is a
known carcinogen and has been shown irritate contacted mucosal membranes.
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Penicillium glabrum was the only fungi in this study found to produce this compound.
Researchers have isolated styrene from other cheese-making species of Penicillium in prior
experiments, where the fungus is shown to convert phenylalanine into cinnamic acid, with
styrene as a byproduct. 147. Although it may mostly be a waste product, it maintains inadvertently
antimicrobial qualities that can give Penicillium species advantageous traits.

Because these microbes make ample amounts of this compound, many researchers are seeking
ways to utilize this byproduct. It can be used to make “green” plastics that are not derived from
fossil fuels 148. It can also be used in cyclopropanation bioreactors to cheaply craft more complex
materials with industrial uses 137.

Aristolochene & Valencene
Aristolochene and valencene are compound produced by the pathogen Marssonina isolated
within this study. These compounds are used as the precursor molecules for various mycotoxins
from produced by fungi 149. Mycotoxic compounds can cause serious illness or even death if
consumed by humans 150. Due to their deadliness, they have even been considered as agents of
biological warfare 151. One such mycotoxin formed from aristolochene is known PR toxin, a
compound known to “damage to vital internal organs [and] alter the crucial processes like DNA
replication, transcription, and translation” 152.

Volatiles organic compounds have been shown to have wide ranging effects and economic uses.
While little is known about fungal endophytes, even less is understood about the VOC profiles
they secrete into their environments. With SPME and GCMS techniques, researchers can sample
VOCs and compare their desorption metrics to compound libraries to determine what chemical
signals are released by fungi. Through the second chapter of this project, I found that 4 fungal
taxa (Cladosporium, Penicillium, Marssonina & Mycosphaerella) isolated from poplar leaves
can emit compounds such as styrene, phenylethyl alcohol, valencene and aristolochene. Through
surveying the volatile profiles of the other 73 taxa isolated from this study, it is highly likely that
more interesting and significant compounds can be isolated from the methods outlined within
this body of work.
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Conclusions
Microbes are found in nearly almost every environment surveyed. Within eukaryotic organisms,
they can confer endosymbiotic benefits that aid both organisms with survival. Various factors
can affect assemblages of microorganisms within eukaryotes, such as host genome and
environmental factors. In light of this, I surveyed the foliar fungal microbiomes of two related
species, P. trichocarpa and P. fremontii to determine if their distinctive genetics would lead to
distinct fungal foliar community composition, despite close physical proximity to each other. I
also compared foliar fungal microbiomes of the same P. fremontii individuals over the fall and
summer to determine if season affected these fungal communities. Through the use of statistical
analyses and ordination, I determined that host species had a slight effect on the composition of
their foliar fungal microbiomes during the summer, while season did not.
With these findings, I hypothesize that there exists a set of genes in black and Fremont’s
cottonwood that can explain the slight difference in endophyte communities found within the
leaves of the respective species. I also postulate that due to the mild climate of Niles Canyon,
seasonal factors do not affect poplar foliar endophyte communities as much as they would in
more variable environments.

In order to improve data for chapter 1, I will collect more fungal samples and plant genetic
markers to further understand the dynamics concerning host-endophyte relationships. Whole
genome sequencing and RNAseq analyses of hosts and endophytes may also lead to interesting
discoveries that can help explain the findings detailed in the first chapter of this thesis.

Volatile organic compounds are ubiquitous and vital molecules with multiple purposes used by
species across the domains of life. They can simultaneously aid hosts and endosymbionts
engaged in mutualisms while deterring potential pathogens or predators. In plants, VOCs can be
used as signaling molecules, as a form of biological currency for services rendered, and as
potential weapons against pathogens and competitors. Likewise, microbes also utilize these
compounds for identical reasons. Considering this, I surveyed the organic volatile profiles of
endophytes residing within the leaves of previously surveyed P. trichocarpa and P. fremontii
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samples. I found compounds that were characteristic of the genera isolated, but previously
unknown to be organic volatiles of those species. The major volatile organic compounds
sequestered during this project were styrene, phenylethyl alcohol, valencene and aristolochene.
Cladosporium and Penicillium secreted styrene, a compound likely used to deter or deactivate
host pathogens. Mycosphaerella and Marssonina released phenylethyl alcohol, hypothesized to
aid with leaf decomposition in saprotrophic strains. Marssonina also emitted aristolochene and
valencene, known precursors to mycotoxins.

Endophytic VOC secretion and the factors influencing these phenomena are still not well
understood. In order to expand our knowledge of fungal VOC dynamics, I would perform further
experiments on the foliar fungi isolated from this study. Genome and RNA sequencing of the
isolated fungi held at different environmental conditions (temperature, photoperiod, etc.) could
yield interesting results. Pairwise fungal VOC analysis and live monitoring of the four isolated
strains could also further shed light on the nature and purpose of foliar endophyte VOC
secretions. Another project could detail the effects of specific fungal VOCs on poplar seed
germination. Better understanding of fungal-emitted VOCs and their effects on crop species can
lead to innovative and sustainable advances in agricultural technology.

Endophytic fungi are abundant within plant species and the factors that influence their
dispersal are still not well known to science. Research shows that microbial symbionts can
be used to sustainably increase the yield and health of cultivated plants. Plant derived fungi
can also cheaply synthesize compounds with industrial, medical, and personal uses.
Through the understanding, and eventual optimization, of factors affecting fungal
endophyte community composition and VOC emittance, people can harness them for the
greater good.

43

Supplemental Tables and Figures
Tree #

1
2
3
4 (unused)
5
6
7
8
total

1st pass
Tubes with
growth 11/21/17
51
56
13
10
6
33
8
43
220 (18.3%)

2nd pass
Tubes with
growth 4/11/18
40
3
15
13
0 – contaminated
12
16
13
112 (9.33%)

Total
Tubes with
growth
91
59
28
23
6
45
24
56
332

% of tubes
from tree #
60.7%
39.3%
18.7%
15.3%
4.00%
30.0%
16.0%
37.3%
27.7%

Table 1. Fungal endophytes isolated from first eight poplar trees surveyed in Niles
Canyon on November 5, 2017.

Tree #

1
2
3
4
5
6
7
8
total

1st pass
Tubes with
growth 8/17/18
1
4
10
4
2
11
2
2
36 (2.25%)

2nd pass
Tubes with
growth 2/6/19
0
69
32
0
0 – contaminated
3
34
3
141 (8.81%)

Total
Tubes with
growth
1
73
42
4
2
14
36
5
177

% of tubes
from tree #
0.50%
36.5%
21.0%
2.00%
1.00%
7.00%
18.0%
2.50%
11.1%

Table 2. Fungal endophytes isolated from first eight poplar trees surveyed in Niles
Canyon on July 12th, 2018.
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Tree #

9
10
11
13
14
15
16
17
18
19
20
21
22
total

1st pass
Tubes with
growth 8/8/18
3
3
13
29
31
17
9
1
37
29
3
49
8
232 (8.92%)

Tubes with
growth
2/6/19
10
48
0 – contaminated
125
6
0 – contaminated
90
0
1
0 – contaminated
2
0 – contaminated
5
287 (11.0%)

Total
Tubes with
growth
13
51
13
154
37
17
99
1
38
29
5
49
13
519

% of tubes
from tree #
6.50%
25.5%
6.50%
77.0%
18.5%
8.50%
49.5%
0.50%
19.0%
14.5%
2.50%
24.5%
6.50%
20.0%

Table 3. Fungal endophytes isolated from first remaining 13 poplar trees surveyed in
Niles Canyon on July 5th, 2018.
.
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Fig 1. PhyML Maximum Likelihood tree of extracted poplar ITS sequences
Used PhyML software through Geneious with a GTR substitution model and 5000 replicates.
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Fig 2. Mr. Bayes tree of extracted poplar ITS sequences.
Used Mr. Bayes software in Geneious with a GTR + I + gamma substitution model. Mr. Bayes
chain length was set to 10,000,000, subsampling frequency to 5,000,000, its burn-in length to
1,000,003, and heated chains to 4 with a chain temp of .2.

Total

Count
140
49
48
18
16
14
12
11
10
10
9
9
8
8
7
5
5
5
4
4
4
3
3
2
2

Genus
Mycosphaerella
Marssonina
Penicillium
Chaetomium
Elsinoe
Rosellinia
Alternaria
Alternaria
Penicillium
Erysiphe
Penicillium
Aspergillus
Aspergillus
Alternaria
Aspergillus
Valsa
Penicillium
Chaetomium
Sphaerulina
Lewia
Cladosporium
Pleosporales
Neofusicoccum
Nigrospora
Naganishia

2
2
2
2
2
2
2
2
1
1

fungal
Elsinoe
Didymosphaeria
Cladosporium
Botrytis
Aureobasidium
Alternaria
Alternaria
Venturia
Teichospora

1

Strattonia

1
1
1
428

Sordariomycetes
Roussoellaceae
Rhodotorula

Species
sp. PB-2012b
brunnea f. sp. "multigermtubi"
glabrum
elatum
sp.
aquila
infectoria
cf. infectoria
expansum
adunca
brevicompactum
sp.
niger
atra
tubingensis
sordida
commune
globosum
populicola
sp.
sp.
sp. 19 KB-2015
parvum
oryzae
liquefaciens
NLEndoHerit_021_2008N7-063C
salicina
variabile
pulvericola
sp.
pullulans
sp. BLE26
eureka
polygoni-vivipari
rubriostiolata

Genus
Preussia
Preussia
Periconia
Penicillium
Penicillium
Penicillium
Penicillium
Penicillium
Penicillium
Penicillium
Nemania
Nemania
Mycocalicium
Lophiostoma
Lecanicillium
Geomyces
Endosporium
Dothideomycetes
Cytospora
Coniochaeta
Clypeosphaeria
Clypeosphaeria
Cladosporium
Cladosporium
Chaetomium
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Species
lignicola
australis
sp. CY191
spathulatum
roseopurpureum
polonicum
echinulatum
corylophilum
chrysogenum
aurantiovirens
sp. ARIZ AZ0890
serpens
victoriae
sp. 1 KB-2015
sp.
sp. 24MN18
aviarium
sp. OUCMBI101101
sp. 23 NA8
sp. Sib2-1-11
sp. D7a3b
sp. D4a2a2
fusiforme
cf. cladosporiodes
tectifimeti

1
1
1
1
1
1
1
1
1
1

Chaetomium
Capnobotryella
Candida
Botryosphaeria
Aureobasidium
Aspergillus
Aspergillus
Apodus
Apiognomonia
Anthostomella

1

Alternaria

fimeti
sp. 130A
argentea
sp. WF160
sp.
pseudoglaucus
fumigatus
oryzae
veneta
sp.
sp. MFLUCC 130346

1
1

Alternaria
Acanthophysellum

alternata
cf. lividocoerulem

Count
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

insignis
sp.11280; Sordariomycetes sp.
11328
sp. MUT 4886
nothofagi
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Total cultures
total species

466
77

Table 4. Total isolated and sequenced fungi isolated from November 2017 to July 2018.
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Table
5

P.
trichocarpa
Counts
17
16
14
9

Species
elatum
sp.
aquila
glabrum

P.
fremontii
Counts
2
1
1
1

Genus
Acanthophysellum
Alternaria
Alternaria
Alternaria

Genus
Alternaria
Penicillium
Penicillium
Penicillium

Species
alternata
commune
aurantiovirens
glabrum

10
8
8

Alternaria
Anthostomella
Apiognomonia

adunca
sp.
niger

1
1
1

Penicillium
Penicillium
Coniochaeta

expansum
corylophilum
sp. Sib2-1-11

7

Penicillium

glabrum

8
7

Apodus
Aspergillus

atra
tubingensis

1
1

Chaetomium
Candida

globosum
argentea

2
4
4
2
4
3
2
1

Aspergillus
Aspergillus
Aureobasidium
Aureobasidium
Botryosphaeria
Chaetomium
Chaetomium
Cladosporium

commune
globosum
populicola
brevicompactum
sp. PB-2012b
sordida
parvum
sp.

1
1
1
1

Aspergillus
Aspergillus
Aspergillus
Alternaria

sp.
pseudoglaucus
fumigatus
alternata

2
1
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Clypeosphaeria
Clypeosphaeria
Cytospora
Didymosphaeria
Dothideomycetes
Elsinoe
Elsinoe
Endosporium
Erysiphe
Geomyces
Lecanicillium
Lophiostoma
Mycocalicium
Mycosphaerella
Naganishia
Nemania
Nemania
Neofusicoccum
Penicillium
Penicillium
Penicillium
Penicillium
Periconia
Pleosporales
Pleosporales
Preussia
Preussia
Rosellinia
Sordariomycetes
Sphaerulina
Strattonia

sp. 19 KB-2015
liquefaciens
salicina
variabile
sp. BLE26
infectoria
eureka
polygoni-vivipari
rubriostiolata
insignis
sp. 11280
lignicola
australis
sp. 19
sp. CY191
polonicum
sp. ARIZ
serpens
victoriae
sp. 1 KB-2015
sp.
sp. 24MN 18
aviarium
sp. OUCMBI101101
sp.
sp. D7a3b
sp. D4a2a2
sp. WF160
sp.
pullulans
oryzae
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Table
5

total

P.
trichocarpa
Counts
1
1

Genus
Teichospora
Valsa

1

Venturia

1

fungal

160

P.
fremontii
Counts

Species
veneta
sp.

Genus

Species

cf. lividocoeruleum
UC2023192
sp.
NLEndoHerit_021_2008N706-3C
59
Total cultures isolated

14

13

181

Table 5. Total sequenced foliar fungi isolated from P. trichocarpa and P. fremontii in
July 2018.

50
Table 5. Total sequenced foliar fungi isolated from P. trichocarpa and P. fremontii in July, 2018.

Fall
Counts

Genus

Species

84
37

Mycosphaerella
Penicillium

31
9
4
1
2
2
2
1
1
1
1

Marssonina
Penicillium
Penicillium
Cladosporium
Valsa
Nigrospora
Cladosporium
Roussoellaceae
Pleosporales
Penicillium
Penicillium

sp. PB-2012b
glabrum
brunnea f sp.
Multigermtubi
expansum
brevicompactum
sp.
sordida
oryzae
pulvericola
sp. MUT 4886
sp. 19 KB-2012
spathulatum
roseopurpureum

1

Naganishia

1
1
1
1
1
182

Cladosporium
Chaetomium
Chaetomium
Capnobotryella
Aureobasidium

liquefaciens
cf.
cladosporoides
tectifimeti
fimeti
sp. 130 A
pullulans
19

Overall count
Overall Species

Summer
Counts

Genus

Species

2
1

Cladosporium
Alternaria

Sp.
alternata

1
1
1
1
1
1
1
1
1
1
1

Penicillium
Penicillium
Penicillium
Penicillium
Penicillium
Coniochaeta
Chaetomium
Candida
Aspergillus
Aspergillus
Aspergillus

commune
aurantiovirens
glabrum
expansum
corylophilum
sp. Sib2-1-11
globosum
argentea
sp.
pseudoglaucus
fumigatus

14

13

196
32

Table 6. Total sequenced foliar fungi isolated from P. fremontii in November 2017 and
July 2018.
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Fig 3. Box Plot of OTUs isolated from two poplar species in July 2018.
OTU abundance was much greater in P. trichocarpa leaves than in its counterpart, P. fremontii.
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Fig 4. NMDS of foliar fungi microbiomes isolated from both poplar species in July
2018
PERMANOVA and Wilcox tests for this grouping generated a p value of .049 and .057 respectively.

Fig 5. Box Plot of OTUs isolated from P. fremontii in November 2017 and July 2018.
Despite the difference in amounts of fungal samples isolated, summer and fall samples of P. fremontii contained
roughly the same amount of OTU groups.
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Fig 6. NMDS of foliar fungi microbiomes isolated from P. fremontii in November 2017
and July 2018
The PERMANOVA and Wilcox tests had p-values of 0.963 and .9241, respectively, suggesting no significant
between these sample groups. The NMDS ordination also failed to display any distinctive groupings in this dataset.
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Fig 7. Organic volatile profile of SPME Fiber after being conditioned at 270°C for one
hour.
Fibers emit low amounts of synthetic polymers that are produced when the fiber is heated. These
compounds were measured so that the resulting chromatograms may be subtracted from fungal
VOC profiles.
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Fig 8. Averaged VOC profile of SPME fibers.
Overall, there were low amounts of VOCs produced from the fiber alone. This chromatogram
was used to subtract control chromatogram and spectra data from averaged fungal VOC
chromatograms.

Compound Hit

Match Factor

Probability

#1
3-Methylpyridazine
#2
2H-Pyran-2,6(3H)-dione
#3
Ethylene glycol – Adiapte –
Dietheylene glycol
#4
Dimethyl palmitamine
#5
Phenol, 4,4’-(1methylethylidene)bis-

813

26.60%

887

88.00%

689

40.00%

653

5.16%

899

72.50%

Retention time in
minutes (Scan number)
1.200
(21.00)
20.56
(3404)
26.04
(4362)
33.39
(5648)
39.47
(6710)

Table 7. NIST 2017 database results of averaged peaks for SPME fiber.
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SPME VOC Mass Spectra

Fig 9. Mass spectra for five most abundant SPME compounds.
Red spectra denote unknown compounds isolated in this analysis, while blue spectra are derived
from library matches. Generally, optimal matches will contain each ion represented on the m/z
axis. However, because library compounds are potentially surveyed using different protocols,,
they are not wholly necessary.
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Fig 10. Chromatograms obtained from empty vial headspace analysis.
Empty vials were opened under a sterile biosafety cabinet to maintain consistency with the vials
that MEA was pipetted into.
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Fig 11. Mean chromatogram of empty vial headspace.
This chromatogram was used to subtract abundance and spectra data from averaged fungal
VOC chromatograms.
Compound Hit

Match Factor

Probability

#1
Hydrazine, 1, 1-dimethyl#2
Silanediol, dimethyl#3
Silane, triethylfluoro
#4
Cyclotrisiloxane
#5
Cyclohexasiloxane,
dodecamethyl-

990

20.3%

946

91.1%

813

20.60%

950

90%

920

95.4%

Retention time in
minutes (Scan
number)
1.098
(3.000)
1.492
(91.10)
1.824
(130.0)
2.809
(302.0)
17.62
(2891)

Table 8. NIST 2017 database results for Vial & SPME compounds
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Vial + SPME VOC Mass Spectra

Fig 12. Mass spectra of top five library searches for vial and SPME compounds
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Fig 13. Chromatograms of VOCs emitted from malt extract agar and sampling vials.
Each rep corresponds to the MEA control used for each full run of sampling, which included the
aforementioned MEA vial, four fungal samples and control vial without any media.
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Fig 14. Average of four MEA, SPME and sampling vial chromatograms.
This chromatogram is used to subtract chromatogram and spectra data from averaged fungal
VOC chromatograms for determining fungal-emitted VOCs.

Compound Hit

Match Factor

Probability

#1
Trichloromethane
#2
Butanal, 3-methyl#3
Butanal, 2-methyl#4
Silanediol, dimethyl#5
Cyclohexasiloxane,
dodecamethyl-

945

78.00%

923

76.50%

915

61.60%

962

93.60%

905

94.19%

Retention time in
minutes (Scan
number)
1.225
(25.00)
1.361
(49.00)
1.406
(57.00)
1.530
(78.00)
17.62
(2890)

Table 9. NIST 2017 database results for MEA compounds
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MEA VOC Mass Spectra

Fig 15. Mass Spectra for top five MEA VOCs
Fig 15. Mass Spectra for top 5 MEA VO
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Fig 16. Chromatograms of VOCs emitted from Mycosphaerella sp. PB-2012b.
Cs

Fig 16. Chromatograms of VOCs emitted from Mycosphaerella sp. PB-2012b.

Fig 17. Mean chromatogram of Mycosphaerella VOCs
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Fig 17. Mean chromatogram of Mycosphaerella VOCs
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Fig 18. Averaged Mycosphaerella sp. PB-2012b chromatogram with abundance of
control VOCs subtracted.
Compound Hit

Match Factor

Probability

#1
Trichloromethane
#2
Methane, bromodichloro
#3
1-Butanol, 3-methyl#4
Phenylethyl alcohol
#5
Benzeneacetic acid, methyl
ester

950

79.70%

960

95.80%

925

42.50%

955

81.80%

890

72.30%

Retention time in
minutes (Scan
number)
1.220
(25.00)
1.636
(91.10)
1.824
(133.0)
10.19
(1593)
12.382
(1975)

Table 10. NIST 2017 database results for Mycosphaerella compounds
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Mycosphaerella sp. PB-2012b VOC Mass Spectra

Fig 19. Mass spectra for five most abundant Mycosphaerella sp. PB-2012b compounds
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Fig 20. Chromatograms of VOCs emitted from four isolated Penicillium glabrum
cultures
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Fig 21. Average of four Penicillium glabrum sp. PB-2012b chromatograms.
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Fig 22. Averaged Penicillium glabrum chromatogram with abundance of control
VOCs subtracted.
Compound Hit

Match Factor

Probability

#1
1-Pentene
#2
Cyclotrisiloxane hexamethyl#3-1
Styrene
#3-2
Bicyclo[4.2.0]octa-1,3,5triene
#3-3
1,3,5,7-Cyclooctatetetraene

922

17.60%

896

69.10%

953

37.00%

961

33.90%

938

12.40.30%

Retention time in
minutes (Scan
number)
1.845
(133.0)
2.834
(307.0)
3.993
(509)
3.993
(509)
3.993
(509)

Table 11. NIST 2017 database results for Penicillium compounds
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Penicillium glabrum VOC Mass Spectra

Fig 23. Mass spectra for three most abundant Penicillium glabrum compounds and
styrene monomer
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Fig 24. Chromatograms of organic volatiles emitted by Marssonina brunnea.
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Fig 25. Average of four Marssonina brunnea chromatograms.
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Fig 26. Averaged Marssonina brunnea chromatograms with particle abundance of
control VOCs subtracted.
Compound Hit

Match Factor

Probability

#1
Cyclopentane
#2
Cyclotrisiloxane hexamethyl#3
Phenylethyl alcohol
#4
Aristolochene
#5
Valencen

930

16.20%

953

90.40%

954

85.40%

963

63.10%

869

49.00%

Retention time in
minutes (Scan
number)
1.846
(134.0)
2.836
(307.0)
10.21 (1594)
21.94
(3645)
22.20
(3690)

Table 12. NIST 2017 database results for Marssonina compounds
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Marssonina brunnea VOC Mass Spectra

Fig 27. Mass spectra for five most abundant Marssonina brunnea compounds
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Fig 28. Chromatograms of VOCs emitted from Cladosporium sp.

76

Fig 29. Average of four Cladosporium sp. chromatograms.
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Fig 30. Average of four Cladosporium sp. Chromatograms with control peaks removed.
Compound Hit

Match Factor

Probability

#1
Trichloromethane
#2
Cyclopentanone
#3
Cyclotrisiloxane hexamethyl#4
Cyclohexasiloxane,
dodecamethyl#
3-Isopropoxy-1,1,1,7,7,7hexamethyl-3,5,5tris(trimethylsiloxy)tetrasiloxane

951

79.50%

962

79.50%

953

90.40%

901

95.6%

713

44.00%

Retention time in
minutes (Scan
number)
1.226
(25.00)
2.403
(231.0)
2.836
(307.0)
17.618
(2890)
22.88
(3810)

Table 13. NIST 2017 database results for Cladosporium compounds
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Cladosporium sp. VOC Mass Spectra

Fig 31. Mass spectra for five most abundant Cladosporium sp. compounds
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